INTRODUCTION
The transmission of sound from water to air has classically been viewed as small owing to the stark impedance contrast between the media. Over the past several years, however, theoretical analyses based on wavenumber integration have shown that a submerged low-frequency monopole source with depth much less than an acoustic wavelength can transmit 3400 times as much energy into the air than it would at a depth of several wavelengths. 1−4 The physical picture in the water, however, remains very much the same as the classical picture: a monopole tends to a dipole radiation pattern for shallow source depths, and the submerged source suffers a decrease in radiation efficiency owing to the interference with the strong surface reflection. The energy that is emitted by this shallow submerged source, however, almost entirely enters the air (anomalous transparency) which is a remarkable prediction. From an alternative viewpoint, transmission into the air from a shallow submerged monopole source is 35 times greater than what standard geometrical acoustics would predict (enhanced sound transmission). 5 We present pressure field measurements in the air and water for a source submerged at relatively shallow depth in a laboratory water tank. Despite the finite-tank dimensions and finite-dimensions of the source, the radiation pattern in the air is in excellent agreement with two-half-space computations. Specifically, an almost omnidirectional radiation pattern emerges in the air for source depths less than approximately 1/10 of an acoustic wavelength in water. Simultaneous measurements of the on-axis pressure in the air and the pressure on a submerged hydrophone are in reasonable agreement with the half-space calculations at high enough frequency. At lower frequencies, corrections to the pressure field in the water based on finite-element calculations accounting for the tank boundaries yield results in good agreement with experimental data.
THEORETICAL BACKGROUND
To motivate the experimental design, we cite key theoretical developments from previous studies. The expression for the power radiated into air (W a ) divided by the power that would be radiated into unbounded water (W 0 ) as a function of the water wavenumber-monopole depth product (k w D), density ratio (ρ a /ρ w ), and sound speed ratio (c w /c a ) is given by 5 
W a
where
The acoustic wavenumber in the water is related to the frequency of the source by k w = 2π f / c w . The integral in (1) is the contribution of the evanescent wave portion of the source spectrum (inhomogeneous waves). 6 For normalized source depths k w D above 2, the power radiated to air is almost entirely due to the oscillatory part of the source spectrum embodied by the first two terms in (1) (the homogeneous waves). The fact that relative source depth is not contained in those terms is consistent with a geometrical acoustics picture of sound radiating from a monopole and crossing a water-air interface. This classical picture, obtained by neglecting the integral in (1) yields a transmission ratio
for standard conditions of c w = 1482 m/s , c a = 343 m/s , ρ a = 1.2 kg/m 3 , ρ w = 1000 kg/m 3 . As the depth approaches zero, the integral tends to a value of 1. Cancellation of the second and third terms leaves us with the enhanced power transmission ratio W a / W 0 = 2ρ a c w / ρ w c a
It is important to note that transmission into air associated with the oscillatory part of the source spectrum is still a significant contributor to the transmission ratio for shallow depths. As will be seen in the following computation, the radiation of sound into the air at significant heights above the source does not differ much at all from the classical picture. The enhancement of transmission comes from energy radiating into the air beyond the 13.4 degree cone. This enhancement is caused by the evanescent (inhomogeneous) waves in the source spectrum.
The importance of the evanescent waves can be visualized by computing the pressure field in the air using wavenumber integration. 7 The pressure field radiated from a monopole is given by
where R= (x 2 +y 2 +z 2 ) 1/2 . Introducing air and water half-spaces, and locating the origin of coordinates at the interface with z-positive upward into the air, the expressions for the fields transmitted into water and air are given by
with r = x 2 + y 2 , and
and z = -D is the source depth. The radiation pattern in the air due to propagating waves impinging on the waterair interface can be seen in the limiting case of q->k w , (s w -> 0) as a wave hits the interface at a very small grazing angle). Since J 0 ~ exp(iqr) at significant range in (5), waves in the air are therefore transmitted within a narrow vertical cone with half angle
On the other hand, waves that are evanescent in the water with horizontal wavenumbers k w < q < k a can easily propagate outside this narrow cone in the air. Specifically, in the extreme case q-> k a , the vertical wavenumber in the air s a approaches a small positive number, and so radiation in the air can propagate at a very low elevation angle above the interface. The amplitude of this signal will depend on the factor
which is only O(1) when D is much smaller than the acoustic wavelength in water. An example calculation of the pressure field in the air is presented in Figure 1 (a) for a source depth D = 2.5 cm and frequency f = 2 kHz (D/λ w =0.034). For comparison, Figure 1(b) shows a partial wavenumber integration for 0 < q < k w which excludes the inhomogeneous waves. The pressure far above the source in both cases is roughly the same, but the inhomogeneous waves make an obvious difference outside the 13.4 degree cone.
EXPERIMENTAL VERIFICATION Experimental Setup
A schematic of the experimental apparatus is shown in Figure 2 . The experiments were performed in a 4ft x 4ft x 4ft water tank constructed from plywood lined with fiberglass. This tank was inserted into an 80/20 extruded aluminum frame for support, and the whole assembly was raised off the floor on rubber feet. A computer-controlled positioning system mounted over the top of the tank provided precision placement for the acoustic source and monitoring hydrophone. A B&K 8105 transducer was used as an acoustic source. This is a spherical transducer with a diameter of 22 mm, so when the acoustic center is 12 mm below the water surface the uppermost edge of the transducer is only 1mm below the water surface: for this reason, the smallest source depth used was never less than 12 mm. The source was driven by an arbitrary waveform generator in conjunction with a high voltage (HV) amplifier: peak-to-peak voltages ranging from 20 V (at the higher frequencies where the small source is more efficient) to 200 V (at the very lowest frequencies where the source is most inefficient) were used.
The output of the source was monitored with a calibrated B&K 8103 miniature reference hydrophone placed 20 cm away at a 36 degree angle relative to the vertical (Figure 2(b) ). The relative positions of the source and monitor were maintained by attaching both of them to a thin-walled PVC pipe frame that was allowed to flood with tank water. The whole assembly was then mounted to a positioning system to vertically move the source/monitor up and down relative to the water surface.
The airborne sound was measured with two calibrated B&K 4939 microphones with 2670 preamplifiers. As shown in Figure 2(b) , Microphone #1 was with the face of its protective grill a distance of 18 cm above the source epicenter (the source epicenter is the point on the water surface that is directly above the acoustic center of the source). Microphone #2 was placed with its face 18 cm perpendicular to the axis passing through the source, and at a height 3 mm above the air-water interface. These microphones were mounted in B&K UA-1588 ¼" microphone holders that were then attached to nearby 80/20 extruded aluminum members. The signal from the monitoring B&K 8103 was amplified with a B&K 2635 charge amplifier that can be set to accommodate the calibrated sensitivity of the hydrophone. Similarly, the individual sensitivities of the microphones can be dialed-in on the B&K NEXUS amplifier that was used to provide amplification for their signals, as well as power for their preamplifiers. These three signals (one hydrophone signal, and two microphone signals) were band-pass filtered using a Frequency Devices 90IP filter chassis populated with 90PF H8E/L8E eight-pole elliptical high-pass and low-pass filters: these band-pass filters also provided pre-gain and post-gain signal amplification.
Signal analysis was carried out using the onboard math packages of a LeCroy LC584AL digital oscilloscope. A 10-cycle cosine tapered waveform was used to drive the source: the third cycle of this waveform reached full amplitude, so typically the third through seventh cycles were used for sound field measurements (the tail end of the waveform also decays away in three cycles). The oscilloscope was triggered off the SYNC of the function generator, and fifty waveforms were averaged together for all source/receiver positions: from this, the RMS values of the signals over the flat portion of the waveform were measured, together with the deviation.
Data was collected by first selecting a source frequency and then raising the source from deep to shallow depths from 20 mm to 12 mm in 1 mm increments. Frequencies varied as low as 2 kHz and as high as 50 kHz. Simultaneous measurements on microphones and the monitoring hydrophone were only available at 2, 3, 4, 5, 10, and 20 kHz.
Experimental Results
Pressure measurements in the air and water were obtained in good agreement with wavenumber integration, and consistent with the theory of anomalous transparency. Direct measurements of radiated acoustic power into the air and water were not possible based on pressure measurements alone. Therefore a strict comparison of the ratio of power transmitted into the air divided by source output power could not be made on the basis of a single self-similar power ratio vs dimensionless source depth curve. Radiated power could be reasonably inferred, however, based on an assessment of propagation paths and finite-element modeling results for propagation of sound into the finite-sized water tank at low frequencies. This paper documents the measurements of pressure in the air and water; the details of radiated power will be presented in separate work. Figure 3 (a) compares the measured and calculated ratios of the air-acoustic signals received on the two microphones. Agreement is very good with the radiation pattern becoming omni-directional as the source depth becomes shallower for a given frequency. The 50 kHz data set is for a regime in which the contribution of inhomogeneous waves to the air field is expected to be weak. The small theoretical signal predicted to be on Microphone 2 close to the interface is a lateral wave 6 which is distinct from radiation into the air caused by inhomogeneous waves. The signal measured at 50 kHz was significantly lower than theory (between a factor of 2 to 9 over the depths considered). The calculated result was computed with both a point source representation of the field as well as a finite-element computation that took into account the finite-dimensions of the source. The source of the disagreement is not known.
. Ratio of microphone signal amplitudes demonstrating a progressively omnidirectional radiation pattern in the air for progressively lower relative source depths (a). Ratio of on-axis microphone amplitude to monitoring hydrophone amplitude for progressively lower relative source depths (b). Solid lines are calculations using wavenumber integration, circles are measured data points.
